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012.12.0Abstract In modern gas turbines, rim seal located between the stator-disc and rotor-disc is used to
prevent hot-gas ingestion into the inner stage-gap of high pressure turbine. However, the purge ﬂow
supplied to the cavity through the rim seal interacts with the main ﬂow, producing additional aero-
dynamic loss due to the mixing process which plays a signiﬁcant role in the formation, development
and evolution of downstream secondary ﬂow. In this paper, a set of cascade representative of low
aspect ratio turbine is selected to numerically investigate the inﬂuence of upstream cavity purge ﬂow
on the hub secondary ﬂow structure and aerodynamic loss. Cascade with/without upstream cavity
and four different purge mass ﬂow rates are all taken into account in this simulation. Then, a deep
insight into the loss mechanism of interaction between purge ﬂow and main ﬂow is gained. The
results show that the presence of cavity and purge ﬂow has a signiﬁcant impact on the main ﬂow
which not only changes the vortex structure in both the passage and upstream cavity, but also alters
the cascade exit ﬂow angle distribution along the spanwise. Moreover, aerodynamic loss in the cas-
cade rises with the increase of purge ﬂow rate while the sealing effect is also enhanced. Therefore,
the effect of upstream cavity purge ﬂow must be considered in the process of turbine aerodynamic
design. What is more, it is necessary to minimize the purge ﬂow rate in order to reduce aerodynamic
loss on the premise of satisfying cooling requirements.
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Open access under CC BY-NC-ND license.1. Introduction
During the development of aircraft engine, the higher inlet
temperature, the higher aerodynamic loading and efﬁciency,
and the longer lifetime, better reliability and maintainability
are always the ways to satisfy the continuous improvement
in the performance of modern aero-engine. To meet the
increasing demands for gas turbine, the ingestion of hot gas
into the disk cavity has become an outstanding problem. Up
to now, turbine inlet temperature of the most advancedtd. Open access under CC BY-NC-ND license.
Table 1 Proﬁle details and ﬂow conditions.
Parameter Value
Inlet metal angle a1/() 43.2
Exit metal angle a2/() 66.9
Axial chord cx/mm 28.13
Aspect ratio H/C 1.127
Solidity s 1.245
Inlet turbulence intensity Tu1/% 1.0
Incidence i/() 0
Exit Reynolds number Re2 4.7 · 105
Exit Mach number Ma2 0.897
86 W. Jia, H. Liuaero-engine is close to 2000 K. To some degree, the design of
turbine technology has already reached a certain high level.
Thus, the conventional design approach to enhance the perfor-
mance of the turbine component is moving to the limit. How-
ever, it is possible that there is still some space to further
enhance the performance of turbine component. Therefore, it
is necessary to better understand the turbine internal loss
mechanism in order to broaden the space of turbine routine
design.
With the continuous improvement of the aerodynamic load-
ing, the low aspect ratio turbine has been widely used in high-
pressure turbine in civil or military aircraft. It is universally
acknowledged that secondary loss is inversely proportional to
the aspect ratio, and furthermore, in low aspect ratio turbine
the secondary loss accounts for relative increase in the propor-
tion of the total loss which almost approaches to 70%. In gen-
eral, secondary loss refers to the loss caused by the interaction
between the boundary layer and the complex vortices in the
passage. In fact the mixing loss between the cavity purge ﬂow
or shroud leakage ﬂow and main ﬂow should be contained.
At the current level of numerical calculation, it is possible to
predict the impact of rim seal on the turbine performance if
the real seal gap is obtained. In the near future, the design of
high loading turbine refers to effective control of both viscous
three-dimensional (3D) ﬂow and the interaction between the
purge ﬂow and the main ﬂow. Unfortunately, up to now, the
effect of rim seal is still not taken into consideration in the stan-
dard axial turbomachinery designs. However, their effects are
not negligible, since the interaction between the main ﬂow
and secondary path ﬂows (shroud leakage, cavity and cooling
ﬂows) remarkably inﬂuences the end wall secondary loss.
In the 1990’s, the ASME/IGTI organized a blind CFD test
case of NASA Rotor 37.1 The remarkable thing about the com-
parison is the similarity between many CFD results, with pres-
sure ratio rising near the hub; whereas there are considerable
differences between almost all the CFD results and the mea-
surements, with the latter having a dip towards the hub. As a
result, they concluded that they should check the effect of the
clearance ahead of the rotor which was 0.75 mm or 1.8% of ro-
tor hub axial chord. Therefore, Cumpsty2 pointed out that the
sensitivity of the 3D separation region to ingress of ﬂow from
leakage far exceeded what most people had imagined.
Green and Turner3 ﬁrst attempted to investigate the effects
of rim seals on the mainstream in the environment of high-
pressure turbine. He concentrated on isolating the parameter
such as rotating speed and purge mass ﬂow rate. He also
deemed that the impact of axial position and radial clearance
of the rim seals on the mainstream ﬂow was not clear which
needed to be studied further under the real engine working
condition. After that, Refs.4–6 all made more detailed study
of rim seal leakage ﬂows in the compressor environment and
found that the tangential velocity was a key parameter in the
interaction of purge ﬂow and endwall ﬂow. Hunter and Man-
waring,7 Gier et al.,8 and Bohn et al.,9 focused their works on
turbines. Mclean et al.,10,11 tested the radial, impingement and
root injection cooling conﬁgurations. They observed that root
injection had the most profound effect on the loss coefﬁcient
and total-to-total efﬁciency.
In 1998, sponsored by the European Commission, the inter-
nal cooling air system for gas turbines (ICAS-GT) research
program concentrating on ﬁve discrete but related areas of
the air system was undertaken by a consortium of ten gas tur-bine manufacturing companies and four universities.12 Re-
search on air systems continued under a follow-on project
ICAS-GT2 which started in April 2001 and ran for 4 years.
This series of research projects aimed at increasing the turbo-
machinery efﬁciency by means of improving the technology re-
lated to the inner air system and paying close attention to some
aspects that were usually regarded as not important.
Cherry et al.,13 performed simulations for a three-stage low-
pressure turbine with and without endwall features. The total-
to-total efﬁciency decreased by 0.6% after the real ﬂow path
geometry had been taken into consideration, demonstrating
the signiﬁcance of including hub and tip ﬂow path details for
accurate performance prediction and design improvement
study. The same conclusions were drawn by Shabbir et al.,14
in experiments and computational simulations made in a
high-speed compressor rotor and by Hunter and Manwaring’s7
investigation in turbine. Reid et al.,15 qualiﬁed the efﬁciency
penalty caused by the rim seal ﬂow to be about 0.56% for
1.0% of injection mass ﬂow. Denton16 reviewed the limitations
of turbomachinery CFD and directly pointed out that leakage
from rim seals on the hub or casing had a large inﬂuence on the
endwall boundary layer and hence on the endwall loss which
are usually neglected during routine design.
Based on reasons mentioned above, the aim of this paper is
to investigate the inﬂuence of upstream cavity and the purge
ﬂow on the hub secondary ﬂows and their interaction with
the main ﬂow in the case of low aspect ratio proﬁle. Due to
the complex of disc cavity geometry, this paper simpliﬁes this
kind of geometry structure so as to focus on the mechanism
of interaction between the main ﬂow and the purge ﬂow. Tip
clearance of cascade is neglected in this simulation.
2. Computational model and tools
2.1. Turbine cascade model
In this paper, the turbine cascade model is derived from the
mid span of a typical high-pressure turbine rotor consistent
with low aspect ratio and high Reynolds number. Table 1 rep-
resents the proﬁle details and ﬂow conditions of this cascade
with the exit Reynolds number based on the exit ﬂow velocity
and axial chord. The geometry of upstream cavity conﬁgura-
tion investigated in this work is simpliﬁed and depicted in
Fig. 1. Geometry parameters are given in the shape of normal-
ization. The cavity located upstream the leading edge of cas-
cade represented the simple gap in the platform. The
normalization of the axial opening and radial height of
Fig. 1 Sketch of upstream cavity geometry.
Fig. 3 Mesh including cascade passage and rim seal.
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Dcav = 1.0 and Hcav/Dcav = 2.5 in Fig. 1.
2.2. Numerical method
All simulations presented in this paper were performed with the
commercially available ﬁnite volume solver (CFX-12.0) to solve
3D viscous steady Reynolds-averaged Navier–Stokes equations.
The ﬁnite volume method of time advance was employed. Space
was discretized by second-order upwind scheme and time was
discretized by second-order backward difference Euler scheme.
2.3. Computational domain and mesh
Inlet domain length is equal to one cascade axial chord to
make sure that the incoming boundary layer is sufﬁciently
developed before the cascade leading edge; while for outlet do-
main length, two times the cascade axial chord is selected to
make sure that there is no recirculation zone on the outlet sur-
face. The calculation domain and the deﬁnition of coordinate
axis are both depicted in Fig. 2.
Fig. 3 shows a complete mesh which is comprised of main
passage and upstream cavity. The interface between them is fully
matched to assure the accuracy of calculation. The grid for the
main passage has a spanwise of 126 cells and a pitch wise reso-
lution of 75 cells. The number of mesh without upstream cavity
is approximately 3.9 million grid cells while the conﬁguration
with upstream cavity is nearly 4.1 million grid cells.
2.4. Turbulent model and boundary conditions
Due to the high Reynolds number, a fully developed turbulent
ﬂow through the whole cascade passage is assumed. The shear
stress transport (SST) turbulent model designed for the typicalFig. 2 Diagram of comsecondary ﬂow phenomena is selected. The wall distance of the
ﬁrst grid cell is 0.001 mm to assure that the calculation could cap-
ture the secondary ﬂow phenomena more precisely. Thus, the y+
value of the ﬁrst cell at the solid wall is in the order of 1 which is
fully in accordance with the requirement of turbulent model.
In this work, due to the lack of upstream guide vane, the
inlet ﬂow direction is set to be the same as cascade inlet proﬁle
angle on the inlet boundary surface together with a uniform to-
tal pressure and total temperature. A uniform pressure is set
on the outlet surface. On the cavity inlet surface, a uniform to-
tal pressure, total temperature and mass ﬂow rate are given
while the inﬂow direction of the sealing air is ﬁxed to be per-
pendicular to the cavity inlet surface.3. Results and discussion
Generally speaking, upstream cavity purge ﬂow rate accounts
for about 1% of main ﬂow in high pressure turbine. With the
increase of turbine inlet temperature, the requirements for disc
cavity cooling or sealing will be a little higher. In this paper,
the effect of cavity was investigated for purge ﬂow rate
accounting for 0%, 0.5%, 1.0%, 1.5% and 2.0% of the main
ﬂow rate while keeping the main ﬂow boundary conditions
constant for all the conﬁgurations.
Simulation was ﬁrst performed on the conﬁguration with-
out any cavity (clean endwall) ahead of the cascade leading
edge which would be analyzed in detail and serve as a baseline
(noted as datum) for the simulation with other conﬁgurations.
Fig. 4 shows the ﬂow ﬁeld located at 0.25cx position down-
stream the blade trailing edge of clean end wall conﬁguration.
Abscissa y/p stands for circumferential position and ordinate
z/h stands for radial position. As shown in Fig. 4(a), passage
vortex (PV), wall vortex (WV) and corner vortex (CV) domi-
nated the hub secondary ﬂow in the passage. In Fig. 4(d), rota-
tion direction of passage vortex can be clearly seen but the wall
vortex and corner vortex are not obvious.putational domain.
88 W. Jia, H. LiuIn order to intuitively display the formation, development
and evolution of the complex vortex structures near the end
wall, a variety of 3D vortex identiﬁcation criterions were
put forward successively such as Q-criterion, k2-criterion,
D-criterion, etc. These criteria which are based on local veloc-
ity gradient tensor belong to point-to-point discrimination law.
Although they cannot be used widely, most of 3D vortex can
be identiﬁed by these criteria. Compared with the other two
criteria, k2-criterion which coincides with local pressure mini-
mum is able to identify the vortex structure more strictly.
Therefore, k2-criterion was selected to identify the 3D vortex
in this simulation.
For symmetric tensor,
G ¼ E  ET X XT ð1Þ
where E stands for rate stain tensor, X stands for vorticity
tensor and G is a symmetric tensor. It has real eigenvalues
only. If k1, k2 and k3 are the eigenvalues and k1P k2P k3,Fig. 4 Flow ﬁeld of cleanthe deﬁnition is equivalent to the requirement that k2 < 0
within the vortex core.
Fig. 4(b) shows the formation of horse shoe vortex (HSV)
ahead of cascade leading edge. The incoming boundary layer
formed radial total pressure gradient ahead of the cascade
leading edge. When the ﬂow stagnated at the leading edge,
the radial total pressure gradient converted into radial static
pressure gradient. Under the action of radial static pressure
gradient, ﬂow in boundary layer moved to the endwall direc-
tion and reversed, rolling up to form the vortex. This vortex
bypassed the leading edge, continued propagating down-
stream, and formed a spin in the opposite direction which is
called horse shoe vortex. Circumferential pressure gradient
made the pressure leg of horse shoe vortex entrainment the
low momentum ﬂow in the boundary layer and moved to the
suction side of cascade. These two legs of horse shoe vortex
met and formed passage vortex near the suction side of cascade
(see Fig. 4(c)). In Fig. 4(c–e) we can also see that wall vortexend wall conﬁguration.
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passage vortex. However, k2-criterion cannot identify the for-
mation of corner vortex, which is too close to the suction side
and also dissipates very fast. The results mentioned above for
clean endwall conﬁguration comply with the classic secondary
ﬂow theory.
Fig. 5 shows the ﬂow ﬁeld located at 0.25cx position
downstream the blade trailing edge for conﬁguration with
cavity only. Compared Fig. 5(b) with Fig. 4(b), we can see
that the presence of upstream cavity made the suction side
of horse shoe vortex a little weaker while the propagation
trajectory of the pressure leg of horse shoe vortex changed.
What is more, the presence of upstream cavity induced an
axial vortex called cavity induced vortex (CIV) (see
Fig. 5(b)). Since the rotating effect is neglected in this simu-
lation, circumferential pressure gradient should be the driv-
ing force of cavity induced vortex. Thus, cavity induced
vortex had the same rotation direction as the pressure leg
of horse shoe vortex. When the cavity induced vortex metFig. 5 Flow ﬁeld of conﬁgthe pressure leg of horse shoe vortex, passage vortex was
formed and propagated downstream. Compared with the
conﬁguration without any cavity, the axial vorticity of wall
vortex decreased while negative axial vorticity of boundary
layer were enhanced as shown in Fig. 5(e).
Fig. 6 shows the total pressure contour of the section lo-
cated at 0.25cx position downstream the blade trailing edge.
Abscissa y/p is the normalized circumferential coordinate
while the ordinate z/h is the normalized radial coordinate.
The presence of cavity reduced the total pressure loss due
to the passage vortex. This is because in the conﬁguration
with cavity only, the pressure leg of horse shoe vortex has
the same rotation direction as cavity induce vortex while in
the datum conﬁguration, the spin of horse shoe vortex ro-
tated in different directions. With the increase of purge ﬂow
rate, total pressure loss due to the passage vortex rose grad-
ually. At the same time, the position of passage vortex core
migrated to both the pressure side of cascade along the cir-
cumferential direction and to the mid span of cascade alonguration with cavity only.
Fig. 6 Total pressure contour at position of 0.25cx downstream the blade trailing edge.
90 W. Jia, H. Liuthe radial direction. However, the position of wall vortex
only migrated to the mid span of cascade along the radial
direction.Fig. 7 Total pressure loss coefﬁcient distribution along spanwise.Fig. 7 shows the total pressure loss distribution of the sec-
tion located at 0.25cx position away from the cascade trailing
edge. Total pressure loss coefﬁcient Cp is deﬁned by Eq. (2):Fig. 8 Deviation angle distribution along spanwise.
Fig. 9 Sketch of different circumferential locations.
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p1  p0:25cx
p0:50cx  p0:50cx
ð2Þ
The reference pressure p1 is inlet total pressure. The total
pressure loss is normalized by the dynamic pressure at the loca-
tion of 0.50cx position downstream of the blade trailing edge.
As shown in Fig. 7, the total pressure distribution along the
spanwise is symmetric while the loss due to wall vortex is high-
er than the passage vortex for conﬁguration without any cav-
ity. The presence of cavity reduced hub secondary loss and
made the vortex migrate towards the mid span. However,
secondary loss near the tip remained unchanged but only mi-
grated towards the mid span. With the increase of purge ﬂow
rate, the total pressure loss due to hub passage vortex and wallFig. 10 Flow pictures at differevortex rose gradually. However, the loss near the tip still re-
mained unchanged compared with the conﬁguration only with
upstream cavity.
Fig. 8 shows deviation angle distribution of the section lo-
cated at 0.25cx position away from the cascade trailing edge.
Deviation angle equals the difference between actual exit ﬂow
angle and mid span exit ﬂow angle. As shown in Fig. 8, there is
underturning at 20% spanwise and overturning near the hub.
The presence of corner vortex weakened over turning near the
hub because of its opposite direction to the passage vortex.
With the increase of purge ﬂow rate, the inﬂuence of passage
vortex became more obvious along the circumference. Passage
vortex migrated towards span, thus underturning appeared at
about 35% spanwise and overturning appeared at about 25%
spanwise. In a word, the presence of upstream cavity signiﬁ-
cantly altered exit deviation angle distribution at both hub
and tip area of spanwise even without any purge ﬂow.
Fig. 10 shows the detailed pictures of interaction between
main ﬂow and purge ﬂow at different circumferential locations.
The relative position of four planes which correspond to 0%,
25%, 50% and 75% length of one pitch is depicted in Fig. 9.
From Fig. 10(b) we can see that the incoming boundary layer
entered the cavity near the pressure side of cascade and exited
the cavity near the suction side of cascade under the circumfer-
ential pressure gradient. In the cavity, the ﬂow formed a pair of
vortex structure. For this reason, the presence of upstreamnt circumferential locations.
Fig. 11 Total pressure distribution with 2 mm from blade
leading edge.
92 W. Jia, H. Liucavity weakened incoming boundary layer, made the horse
shoe vortex closer to the blade leading edge and reduced its
scale at the same time.
Comparing different conﬁgurations at the same locations,
we can see that with the increase of purge ﬂow, the entrance
of main ﬂow decreased while the structure and position of
the vortex inside the cavity changed dramatically. Especially,
vortex scale inside the cavity was reduced and migrated to-
wards the main ﬂow at the location of Plane 1 and Plane 4.
In particular, when the purge ﬂow equals 2% main ﬂow
rate (see Fig. 10(f)), horse shoe vortex ahead of the leading
edge had already disappeared. At the location of Plane 2 and
Plane 3, vortex inside the cavity diminished gradually and
purge ﬂow exit moved from cascade pressure side to suction
side. This is the basic reason of circumferential movement of
passage vortex with the variation of purge ﬂow rate. Further-
more, the increasing purge ﬂow results in the enlargement of
cavity induced vortex, leading to the thickening of the inlet
boundary layer in front of the blade leading edge as shown
in Fig. 11. In brief, the increase of purge ﬂow enhanced sealing
effects; however, it thickened the inlet boundary, leading to
higher aerodynamic loss.
Fig. 12 shows the relationship between purge ﬂow rate and
relative entropy loss coefﬁcient which is deﬁned as the differ-
ence between real entropy loss coefﬁcient and the one with
clean endwall. The entropy loss coefﬁcient f is deﬁned as17Fig. 12 Entropy loss coefﬁcient.f ¼ T0:25cxðs0:25cx  s1Þ
h0:25cx  h0:25cx
ð3Þ
As shown in Fig. 12, the presence of cavity reduced the en-
tropy. With the increase of purge ﬂow rate, the entropy loss
coefﬁcient changed linearly. An ideal purge ﬂow rate of
approximately 0.25% of main ﬂow rate existed whose entropy
loss coefﬁcient equals the conﬁguration with clean endwall. So
it is necessary to minimize the purge mass ﬂow in order to re-
duce aerodynamic loss on the premise of satisfying the cooling
requirements.
4. Conclusions
The inﬂuence of upstream cavity purge ﬂow on hub second-
ary ﬂow structure and aerodynamic loss in low aspect ratio
turbine cascade has been investigated numerically in this pa-
per. Simulation of one blade passage is performed with the
presence of upstream cavity and other four different purge
ﬂow rates which are compared with the simulation with
clean endwall. Special emphasis on the hub ﬂow structure
and loss mechanisms is presented. The comparison and anal-
ysis of the results mentioned above leads to the following
conclusions:
(1) The presence of upstream cavity alters hub secondary
ﬂow structure, but reduces the loss due to the passage
vortex. The suction leg of horse shoe vortex is a little
weaker and propagation path of the pressure one is
changed. Meanwhile, the vortex induced by upstream
cavity dominates in the passage, met the pressure leg
of horse shoe vortex and propagates downstream
together.
(2) The loss caused by passage vortex and wall vortex rises
along with the increase of purge ﬂow rate. At the same
time, both passage vortex and wall vortex are pushed
towards the mid span of cascade. More than others,
the passage vortex moves from suction side of cascade
to the pressure side along the pitchwise.
(3) The presence of cavity and purge ﬂow signiﬁcantly alters
exit ﬂow angle distribution along the spanwise. It
enhances the overturning near the hub and underturning
near the mid span. In real turbine, this would make the
downstream row deviate from design point hence lead-
ing to additional incidence loss. Therefore, the effects
of upstream cavity must be taken into consideration in
the turbine routine design.
(4) With the increase of purge ﬂow, the boundary layer
ahead of blade leading edge is thickened which results
in higher secondary ﬂow loss. However, the sealing
effect is strengthened because there is less main ﬂow
entering the cavity. Therefore, it has to make a compro-
mise between cooling requirement and aerodynamic
loss.Acknowledgement
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